T he biological activ ity of phenolic com pounds.
in the same order, viz. cholate<^ oleate < C.t .a .b . The interfacial tension measurements also showed that this particular soap concentration corresponded to the onset of micellar aggrega tion of the soap molecules.
From the interfacial tension data a simple explanation for the biological measurements can be suggested, which at the same time appears to explain a number of observations upon other biological systems, in particular the effect of soaps upon the bactericidal activity of phenols.
This explanation suggests that the biological activity of hexyl resorcinol (as measured by its rate of penetration) is determined by the interfacial activity of the mixture, and that when soap micelles are present the drug distributes itself between the micelles and any other interface present (e.g. oil/water or Ascaris/water). The maximum biological activity thus occurs at the critical concentration for micelle formation, since this has maximum interfacial activity.
At high soap concentrations .the hexyl resorcinol is mainly held by the soap micelles, so that the biological activity is thereby diminished, ultimately to zero since the soaps alone penetrate so extremely slowly.
In the case of c.t .a .b ./hexyl resorcinol mixtures it has been possible, from physical data only, to calculate a theoretical curve for the biological activity which is in good agreement with experiment.
The possible bearings of these conclusions upon in vivo activity of hexyl resorcinol as an anthelmintic, and upon drug action in general, are briefly mentioned.
During an investigation into the anthelmintic action of aqueous solutions of hexyl resorcinol (Trim 1944) , certain effects were produced by bile salts which could not be satisfactorily explained. In particular it was found that, for a fixed hexyl resorcinol concentration (0-025 %), increasing the concentration of bile salt
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(sodium cholate) reduced the rate of penetration of the drug into the nematode worm Ascaris lumbricoides var. suis, the inhibition becoming effectively complete at 0-5 % sodium cholate. In order to investigate the problem further, measurements of the interfacial activity of the bile salt/hexyl resorcinol systems against an inert hydrocarbon oil were carried out; an oil/water interface being chosen rather than say, air/water, since the surface of Ascaris is known to be hydrophobic. These measurements suggested a very simple explanation of the inhibition and the development of the work showed th a t the effects obtained with bile salts could be related to those given by other detergents such as sodium oleate and ecetyl trimethyl ammonium bromide (a synthetic cationic detergent referred to below as c.t.a.b .). These latter compounds also inhibited hexyl resorcinol penetration when present in high concentrations, but differed from bile salt in showing a pronounced acceler-. ating effect when sufficiently diluted, thus indicating one possible mode of in creasing the rate of penetration of the drug into Ascaris. *
The biological activity of phenolic compounds 221 E xperimental
The interfacial tensions between nujol (a pure, high-boiling paraffin similar to medicinal paraffin) and the physiological aqueous media were measured by means of the ring method, absolute values being obtained by applying the corrections of Harkins & Jordan (1930) . Measurements were made at room temperature (18-20° C).
The penetration of hexyl resorcinol a t 37° C was followed by the method described by Trim (1944) , a micro-colorimetric method using the well-known azo-dye reaction, p-Amino-benzoic acid was diazotized by the rapid and simple method devised by Dangerfield, Gaunt & Wormall (1938) . Small aliquots of the hexyl resorcinol solution were coupled with the resulting diazonium salt in aqueous solution in the presence of strong soda to give an intense orange-red solution of azo dye which was measured in a direct vision colorimeter. The colour obeyed Beer's law and quantities of hexyl resorcinol down to 5-10pg. could be measured with ease and accuracy.
Cholate was measured by the micro-colorimetric method of Ohiyama (1938) which is based on the measurement of a carmine-red colour slowly developed by the reaction between laevulose and the bile acid in the presence of concen trated hydrochloric acid.
c.t.a .b . was also measured colorimetrically by the application of a general method for cationic detergents introduced by Auerbach (1943) , which was found to be suitable. The detergent solutions were shaken with brom-phenol-blue and dilute sodium carbonate in the presence of ethylene dichloride which quantitatively extracts the coloured salt so formed between the c.t.a.b . and brom-phenol-blue molecules. The ethylene dichloride solution was separated and cleared by shaking with a small flake of sodium hydroxide and the colour measured in a direct-vision colorimeter against a suitable standard. The presence of hexyl resorcinol changed the tint and intensity of the colour, but, provided it was arranged to be present in the same concentration in the" standard and unknown solutions, did not interfere with the determinations.
Hexyl resorcinol also interfered with the cholate colour reaction but was readily removed by extracting the aqueous solutions three times with equal volumes of a 1:1 mixture of benzene and light petroleum (40-60°).
Results

Sodium cholate
Experiments with this substance were conducted with solutions in the physio logical saline described by Baldwin (1943) at pH 6*6. Figure 1 gives the inter facial tension-concentration curve, and also the biological activity as measured by the amount of hexyl resorcinol (mg./g. wet-weight worm) penetrating Ascaris in 20 min., for a fixed hexyl resorcinol concentration (0*025 %) and cholate con centrations ranging from 0*008 to 1*0 %. The interfacial tension curve for the cholate alone is included for comparison.
Measurements of the concentration of cholate in the medium made while fol lowing the uptake of drug, and also in the absence of drug, showed no sensible removal of the bile salt by the worms over the usual period of the experiment (1 hr.), although more prolonged incubation of the worms with bile-salt solutions did lead to a significant depletion. The cholate concentrations used were 0*2, 0*1 and 0*031 %; the hexyl resorcinol concentration 0*025 % in all cases.
Sodium oleate I Sodium oleate resembles sodium cholate in inhibiting hexyl resorcinol penetra-| tion at high concentrations, but differs from it in producing a marked acceleration I in dilute solutions, the maximum accelerating effect observed being about 300 % i at about 0-05 % oleate. The effects of oleate concentration upon the rate of penej tration of hexyl resorcinol into Ascaris, together with the interfacial tension data, j j are given in figure 2, the hexyl resorcinol concentration being fixed at 0-025 % as | before. The aqueous medium was 0-9 % NaCl, pH 6-5, in place of the modified I Ringer's solution, in order to avoid precipitation of the oleate by calcium ion.
Sodium oleate, however, suffers from certain inherent disadvantages such as | sensitivity to traces of calcium and heavy metal cations, and the formation of acid [ soaps. Consequently a modern synthetic detergent free from these troubles was chosen for investigation. 
Cetyl trimethyl ammonium bromide {C.T.A-.B.)
This substance is freely soluble in cold water and essentially unaffected by pH or. metallic cations. Consequently it provides a system suitable for elucidating the basic physico-chemical factors involved. The biological and interfacial tension data, given in figure 3, show marked similarity to those given by sodium oleate, the maximum acceleration being somewhat greater ( . 350 % a t ca. 0-004 % c .t .a .b .). Auerbach's (1943) method for estimating cationic detergents, as outlined above, was used to follow changes of c .t .a .b . concentration in the solutions used. Both with and without hexyl resorcinol the initial rate of depletion of c.t.a.b . from the solutions in the presence of worms was fairly rapid, but* fell off sharply, and the extent of depletion was sensibly the same in both cases. In figure 4 The rate and the extent of depletion of c.t.a.b . were also measured at 0-1 % concentration, where the penetration of hexyl Resorcinol from 0-025 % solutions is completely inhibited. I t was found th at the depletion of c.t.a.b . was no greater than a t the lower accelerating concentration used above. Consequently the possibility that the inhibition of hexyl resorcinol penetration arises from a blocking of the worm's surface by adsorbed soap micelles must be ruled out. (See also the discussion below.)
The rapidity of the initial c.t.a.b . uptake and the slowness of any further depletion suggests th at only adsorption on to the worm's surface is occurring. On this hypothesis the area occupied per molecule can readily be calculated, giving a value of ca. 1-4 A2, i.e. about fifteen times smaller than the value of 20 A2 for a close-packed monomolecular film. (The depletion was taken as l x 10~7 g.mol./g. of worm, and the geometrical surface area of the worms was measured and found to be ca. 8*5 cm.2/g.) /Hexyl resorcinol uptake in presence of C.TAB.
/Hexyl resorcinol uptake in absence of CTAB. Whilst a certain part of this apparent discrepancy may be due to a true penetra tion into Ascaris, it is certain th at the greater part can be ascribed to the difference between the geometrical and the true surface areas. Morphologically the surface of Ascaris is known to consist of a series of microscopic ridges which would increase the surface area considerably, and added to this there may well be a submicroscopic structure of further complexity. Clearly no final decision can yet be given on this point, but in view of its importance some further examination is indicated. Figure 5 shows the uptake of hexyl resorcinol from solutions of different con centration, ranging from 0-05 to 0-0033 %, replotted in figure 6 to show the variation of initial penetration rate with concentration. Figure 6 also includes the interfacial tension data. The highest concentration used (0-05 %) is slightly less than the maximum solubility in water at room temperature.
Hexyl resorcinol
Values for the adsorption of hexyl resorcinol, calculated from the Gibbs equation, increase steadily with concentration, showing th at micellar aggregation is not appreciable in the range studied (Alexander 1942a 
D iscussion
I t is now generally agreed th a t the interfacial tension of soap solutions remains sensibly constant as long as micelles are present. (The term * soap * will be used in the following discussion to cover both natural and synthetic detergents.) W hen a certain critical concentration (or region of concentrations) has been passed by dilution, micelles no longer exist and the tension rises rapidly. Consequently, in ter facial tension measurements provide a very simple method of determining the critical micellar concentration and of showing how this is affected by additives such as salts, hexyl resorcinol, etc.
When two surface active substances are present together these measurements also indicate whether the two components tend to associate a t the interface. If they do so the observed tension will be lower than th a t of the more active component. Much work on these lines has been done by Schulman and co-workers, using an insoluble monolayer as one component. (For a review see Schulman 1939 .) Such a labile interfacial association is generally referred to as a 'complex', and the importance of 'com plex' form ation in biological activity has been indicated by Schulman & Rideal (1937) in their study of haemolysis and agglutination.
In the three hexyl resorcinol/soap systems described above, there is a parallel behaviour differing only in degree. The principal results are set out in table 1 and figure 7, which is a general diagram for the purpose of simplifying the discussion.
The principal points of table 1 and figure 7 can be outlined as follows. _ As the soap concentration is increased from zero the rate of penetration of hexyl resorcinol into A scar is rises from its initial value to a maximum a t B. Over this range of soap concentrations the interfaeial tension falls to a m inim um a t E. (The concentration a t E is seen to be slightly less th an th a t a t B. This is because the interfacial tension measurements refer to room tem perature, and the biological results to 37° C. The critical concentration for micelles is lowered by reduction of temperature,_and the above differences are of the order expected.)
The maximum acceleration produced by the soap, as indicated by the difference between B and A , is in the order c h o la te o le a te < c.t.a .b ., the numerical values being 0, 300 and 350 % respectively.
The m aximum lowering of the interfacial tension (at E), is also in the order c h o la te o le a te < c.t .a .b ., the numerical values being 4-2, 0*5 and 0*3 dynes/cm. respectively.
The minimum interfacial tension of the hexyl resorcinol/soap m ixture is markedly lower th a n th a t of either of its constituents, indicating ' complex ' formation in the interface (Schulman & Rideal 1937) , arising m ost probably from hydrogen bonding between the phenolic groups of hexyl resorcinol and the soap molecule (Rideal 1937; Alexander 19426) . W ith increase of soap concentration beyond th a t corresponding to B (or E), the biological activity falls, ultim ately to zero ( in figure 7) . Over this range of soap concentration the interfacial tension rises ( in figure 7 ), ultimately reaching a value which approximates to th at of the soap alone.
The critical concentration for micelle formation is lowered by the presence of hexyl resorcinol (from Ot o Ei n figure 7), a f the interfacial soap and hexyl resorcinol molecules.
The soaps penetrate Ascaris relatively slowly, if at all, both alone and when hexyl resorcinol is present under its optimum conditions for penetration.
The above data suggest a simple explanation for the influence of soap upon the rate of penetration of hexyl resorcinol into Ascaris and one which is in accord with established physico-chemical principles. I t also serves to explain many observa tions on other biological systems, examples of which are quoted below.
From the observed parallelism between the fall of interfacial tension along and the increased rate of penetration along it seems reasonable to conclude that the rate of penetration of hexyl resorcinol from soap/hexyl resorcinol mixtures is intimately related to the interfacial activity of the system. In line with this is the observation th a t with the different soaps the acceleration at the maximum is in the order of interfacial activity, as pointed out above. Also, with hexyl resorcinol alone, the rate of penetration increases as the interfacial tension decreases, as shown in figure 6 .
As the soap concentration is increased further, the micellar region is reached, the interfacial tension then becoming constant and thus setting a limit to the biological activity. Any further increase of soap concentration beyond th at corre sponding to Bo r Eo nly increases the proportion of soap in the micellar fo leaving the concentration of single molecules, which determines the interfacial activity, sensibly constant (Alexander 1942 a.). When hexyl resorcinol is also present in fixed amount it will distribute itself between the micelles and any other interface present (e.g. oil/water or Ascans/water), thus tending to reduce the amount adsorbed a t the Ascaris/water interface, and consequen diminish the rate of drug penetration. (In addition, the interfacial tension will be raised, since the mixture has a lower value than the soap alone, as shown above, and this also will tend to reduce somewhat the rate of penetration.) By sufficiently increasing the soap concentration, all the hexyl resorcinol can be effectively held by the micelles so th a t the mixture shows negligible reduction of the interfacial tension below the value for the soap alone (point F in figure 7 ) and also complete prevention of drug penetration (point C), since the soaps penetrate Ascaris very slowly if a t all.
Calculation of the soap effect I t is of great interest to see how far the variation with soap concentration of the rate of penetration of hexyl resorcinol into Ascaris can be predicted from calcula tions based upon physical data only. Two regions have clearly to be considered, namely those before and after micellar aggregation. For reasons given below calculation has to be restricted to the case of c.t.a .b . (see figure 3) .
In the region before aggregation any detailed computation appears impossible with our present limited knowledge of the composition of the interfacial film. However, some parallelism between biological and interfacial activities is to be expected, and th at part of the curve up to the optimum (corresponding to A B in figure 7) , was calculated assuming a linear relationship between interfacial tension and biological activity. The optimum rate was taken as 280 % (relative to hexyl resorcinol alone as 100 %), since this value gives the best fit over the micellar region, as shown below.
Turning now to the micellar region, a much more exact approach is possible. Only two assumptions have to be made and both are very plausible.
The first assumption is th a t the equilibrium for the reaction (c.t.a.b . + hexyl resorcinol)in solution ^ (complex)in interface, lies very largely to the right, i.e. that the interfacial complex has a very high stability. Work on related systems in monolayers gives definite support for this assumption. In the cases of sodium oleate and sodium cholate the complexes would be of much lower stability since competition arises from unionized fatty acid, and owing to lack of equilibrium constants these systems cannot at present be quantitatively explored.
The calculation is outlined below. The second assumption has now to be invoked; this is th at the rate of penetra tion of hexyl resorcinol is proportional to the concentration of free molecules in solution. This is very reasonable since the interfacial tension varies but little in the region where micelles are present. The variation of biological activity, as measured by the initial rate of hexyl resorcinol penetration, with c.t.a.b . con centration can thus be readily calculated, giving the dotted curve shown in figure 3 . In this the rate a t the optimum has been taken as 280 % to give the best fit for the whole curve, although even if this is taken as 350 % the general shape is not markedly altered.
The general agreement is surprisingly good, the most striking point perhaps being the agreement between the observed and calculated concentrations of c.t.a .b . necessary for complete inhibition of hexyl resorcinol penetration. (It should be realized th at this agreement does not depend upon the particular value assumed for the optimum rate of penetration.)
Application to other biological systems
The simple picture outlined above of a competition between micelles and a biological interface should be of general validity not only for all types of phenols but also for many other biologically important compounds when present in aqueous soap solutions. Whether the soap is already present in the system, e.g. as bile salt or salt of fatty acid, or is added intentionally, as for example in many insecticidal and germicidal sprays, should be immaterial. Also, since the effects are due pri marily to changes in the medium, a similar behaviour would be expected in other biological systems, subject of course to modification in some instances by specific interactions between chemical groupings on the biological surface and the soap or drug molecules. An examination of the literature does indeed sjiow many pheno mena which may be explained in terms of the above concepts. Billard & Dieulafe (1904) found th at the toxic effect of curare, injected intraperitoneally into guinea-pigs, could be augmented by the addition of low con centrations of soap and decreased by higher concentrations. Frobisher (1927) , examining the germicidal activity of phenol/sodium oleate mixtures against Bacillus typhosus, found an optimum soap concentration for a given phenol concentration, and suggested th at the inhibition by the higher soap concentrations arose from the soap coating the bacteria with a mote or less solid soap film acting as a protective covering. However, more recent studies of surface films of soaps and synthetic detergents show th a t such 'skins' are not formed under the conditions used bj him, and in the present experiments with Ascaris their absence has been demon strated experimentally, as pointed out above.
More recently Petroff, Herman & Palitz (1941) , using 1:5000 and 1:10,000 solutions of various synthetic detergents with phenols, observed enhanced activity against Bacillus pyocyaneus, a very resistant type of bacteria. It is certain from published data that, save possibly in the case of sodium heptadecyl sulphate, these concentrations are below the critical micellar region, so th a t the experimentally observed activation is readily explicable. Ordal, Wilson & Borg (1941) examined four fatty-acid soaps and also sodium dodecyl sulphonate, with phenol as the antiseptic, against Staphylococcus aureus as test organism. They obtained varying degrees of acceleration of the antibacterial action of the phenol. In an extension of this work Ordal & Deromedi (1943) examined several halogenated phenols in the presence of sodium dodecyl sulphonate (0*02 and 0-1 %) and Aerosol OT (0*02 %) a t pH ranging from 6*0 to 9*7. The enhanced activity they observed at pH 6 is readily understood since the detergent concentrations would be below the critical micellar region a t the phenol concentrations used. The loss of activity on increasing the pH to 9-7 can be ascribed to ionization of the phenol and hence reduced surface e Hivity of the mixture.
There are many recorded examples of inhibition of biological activity by soaps in addition to those mentioned above. In the case of soap/phenol systems, see for example Tilley & Schaffer (1925 and Hampil (1928) . The soap concentrations used were usually very much higher than the critical micellar concentration, so that the detoxifying effect of the soap can reasonably be ascribed to the same mechanism as suggested in this paper for hexyl resorcinol inhibition under similar high soap concentrations.
Closely related to the topics under discussion is the recent observation by Valko & Dubois (1944) , th a t detoxication of surface active cations on bacteria can be brought about by addition of surface active anions. I t is well known th at this causes a pre cipitation and reduced surface or interfacial activity, this principle being the basis of one suggested method for analysis of synthetic detergents (Preston 1944) . If, as the work described in this paper suggests, there is some correlation between interfacial and biological activity, then the reason for this detoxication is clear.
The question of the applicability of the above principles to bacterial systems is being investigated by Dr A. J. H. Tomlinson of Emergency Public Health Labora tory Service, Cambridge, using mixtures of synthetic detergents with various phenols, and his preliminary experiments have given results in accord with those predicted from interfacial tension measurements.
In addition to their obvious relevance to those types of insecticidal and germi cidal sprays which contain soaps or wetting agents, the principles developed here may also play a part in the mechanism of fat absorption, a much debated topic which has been further studied recently by Frazer and his collaborators (Frazer 1943; Frazer, Schulman & Stewart 1944) .
The penetration of hexyl resorcinol through the cuticle of Ascaris
The results recorded in this paper throw some light upon the mechanism of the transport of this drug through the Ascaris cuticle, and may also be pertinent to I its action on other organisms.
Under the experimental conditions employed here it can reasonably be assumed th at the rate of penetration into or through the cuticle is the limiting factor in the passage of hexyl resorcinol into Ascaris. Of the various mechanisms by which penetration might occur two call for particular discussion: first, by solution in the cuticle followed by an ordinary diffusion process, the driving force arising from the concentration gradient across the cuticle; secondly, by a two-dimensional; interfacial spreading along lateral sub-microscopic pores or canals, the driving force being the interfacial spreading pressure. The possible biological significance of this latter mechanism was suggested by Rideal (1938), and recently elaborated by H urst (1943) to explain certain aspects of penetration of insecticides.
On the latter explanation the acceleration produced by soaps (in the range before micellar aggregation) would be ascribed to the increased spreading pressure of the m ixture; on the former to the increased interfacial activity of the soap/hexyl resorcinol complex augmenting the amount of drug on the Ascaris surface. This increased amount may arise either from a true increase per unit area (since we are not dealing with equilibrium conditions, but with a rate process), or from an opening-up of the outer layers of the cuticle, which by presenting a greater area for adsorption increases the apparent rate of drug penetration.
The observed parallelism between degree of acceleration and interfacial activity is clearly equally well explicable on either mechanism, but if the latter is correct some correlation between the penetration rates of hexyl resorcinol and of soap would be expected. I t has been demonstrated above in the case of Ascaris that the amounts and rates of soap penetration are only relatively small, and are un affected by the simultaneous penetration of hexyl resorcinol under its optimum conditions. Hence, in this case, penetration by a two-dimensional interfacial spreading cannot be of importance.
The marked difference between the penetration rates of ionized substances such as the soaps, and of unionized compounds such as hexyl resorcinol, is further shown by the effect of pH on the penetration of nicotine, where the rate becomes a mini mum upon ionization (Trim, unpublished) . Also the cuticle is clearly impermeable to colloidal particles, since even soap micelles with diameters of the order of 50 A (i.e. at the lower limit of the colloidal range), are unable to penetrate.
It is hoped, however, to examine in considerably more detail the mechanism of | hexyl resorcinol penetration through Ascaris cuticle, and to carry out parallel | experiments upon synthetic membranes.
Conclusion
Although all the biological data referred to in this paper have; been obtained I from in vitro experiments, yet the understanding of the basic phenomena involved | should be of considerable value in any attem pt to increase the in vivo efficiency of I hexyl resorcinol and other anthelmintics. Some preliminary experiments (Trim | 1944) upon the effect of such substances as intestinal mucin which are normally j present in the host intestine have shown the importance of further investigations i in order to define the conditions for optimum in vivo efficiency of hexyl resorcinol.
One further point of much interest arising from this work is in connexion with drug efficiency in general. For a given type of drug the biological activity often | passes through a maximum as the non-polar portion of the molecule is increased; for example, optimum activity is reported a t the hexyl member in the alkyl resor-| cinols (e.g. Ferguson 1939) . In this, as in many other examples, the maximum ! appears to arise from solubility limitations, which thereby set a definite limit to J the rate of penetration into the biological system. By the use of suitable coneen-[ trations of soaps it may now be possible to overcome such difficulties and thus to j enhance the biological activity of the higher members.
Finally, by controlling the relative amounts of drug and soap, and by the use of soaps of varying surface activity, it may be quite feasible to control, not only the intensity of biological activity but also the duration, at any desired level up to the optimum. W ith drugs which have undesirable effects on the host, this clearly is of great value.
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